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DIGITAL PREDISTORTION OF SIGNALS tems , and techniques described herein are applicable to 
predistortion used to compensate for other sources of non 

This application is a National Phase entry application of linearity , distortion , and / or noise in a transmit signal . 
International Patent Application No. PCT / US2017 / 051053 5G NR is a new communication standard that is expected 
filed Sep. 12 , 2017 , and is hereby incorporated by reference 5 to feature higher bandwidth ( e.g. , 2x100 MHz or 200 MHz 
in its entirety . aggregated ) and more complex modulation schemes in the 

uplink ( e.g. , evolved single carrier frequency division mul 
BACKGROUND tiplexing ( SC FDM ) up to 256 QAM ) . One challenge for 

mobile devices that support 5G NR is the higher channel 
In wireless device transmit chains , the transmit signal is 10 bandwidth . For example , in 5G NR , bandwidths of 200 MHz 

often predistorted to compensate for nonlinearities in com- or more are utilized in the sub 6 GHz range and bandwidths 
ponents as well as expected distortions of the transmit signal of more than 400 MHz are utilized in the millimeter range . 
and / or noise that will be added to the signal elsewhere in the This makes it difficult to effectively predistort transmit 
transmit chain . A predistortion function is applied to the signals over the whole range of bandwidths . Another chal 
transmit signal to predistort the transmit signal . The predis- 15 lenge is that the 5G NR modulation schemes involve signals 
tortion function is derived based on experience gained with higher peak - to - power ratio ( PAPR ) which usually 
during prior operation of the transmit chain or transmit chain reduces the efficiency of the power amplifier ( PA ) when the 
components . When the predistortion is performed in the PA operates in average power tracking ( APT ) mode . APT 
digital ( e.g. , baseband ) domain , the predistortion function mode describes a PA supply concept where the PA cores are 
may take the form of a summation of weighted past and 20 supplied by a DCDC converter and where the output voltage 
present values of the transmit signal . During a calibration or of the DCDC converter ( PA supply voltage ) is adjusted 
learning phase , coefficients or weights that are used to weigh based on the average output power target within an upcom 
past and present values of the transmit signal are derived and ing time interval ( e.g. , transmission slot ) . The low PA 
stored for use in predistorting the transmit signal during efficiency is caused by the large voltage headroom that is 
operation of the transmit chain . 25 required for the PA cores in order to prevent RF voltage 

clipping and a subsequent degradation of the PA linearity 
BRIEF DESCRIPTION OF THE DRAWINGS characteristic ( e.g. , adjacent channel leakage power ratio 

( ACLR ) , error vector magnitude ( EVM ) ) . 
FIG . 1 illustrates an exemplary predistortion system that Envelope tracking ( ET ) is known to solve the efficiency 

includes digital predistortion circuitry that predistorts a 30 decrease for modulation schemes with high PAPR . In ET 
digital input signal to compensate for envelope tracking mode , the PA operates close to its peak efficiency relatively 
circuitry . independent of the PAPR . In ET mode the PA efficiency is 

FIG . 2 illustrates the effect on predistortion of a difference clearly increased since the required PA headroom is less than 
in a resource block's center frequency and a center fre- 1 dB which boosts the PA efficiency . The downside of ET is 
quency used during calibration or learning . 35 the lower efficiency of the ET DCDC converter which is 
FIG . 3 illustrates an exemplary predistortion system that typically around 85 % ( depending on signal bandwidth ) 

includes adaptation circuitry and inverse adaptation circuitry whereas the DCDC converter efficiency in APT mode is 
to adapt an input signal to compensate for a difference in around 95 % . However , the overall system efficiency 
input signal as compared to a signal used during calibration includes the efficiency of the PA which is significantly 
or learning , in accordance with various aspects described . 40 increased by ET at high PAPR , meaning that ET outperforms 
FIG . 4 illustrates an exemplary predistortion system that APT for high PAPR applications . 

includes adaptation circuitry and inverse adaptation circuitry Compared to APT , ET introduces significant nonlinear 
to adapt an input signal to compensate for a difference in effects in the transmit chain which partially depend on the 
transmit chain state as compared to a transmit chain state radio frequency ( RF ) frequency of the transmit chain . As a 
used during calibration or learning , in accordance with 45 result , the nonlinear characteristic can change within a few 
various aspects described . MHz , causing a dispersive transmit channel . In a dispersive 

FIG . 5 illustrates an exemplary predistortion system that transmit channel , the predistortion characteristic is strongly 
includes coefficient adaptation circuitry to adapt predistor- mapped to the absolute RF frequency . A predistortion func 
tion function coefficients to compensate for a difference in tion ( e.g. , digital predistortion ( DPD ) coefficients ) that is 
transmit chain state as compared to a transmit chain state 50 optimized for a first frequency range will show less linearity 
used during calibration or learning , in accordance with improvement in a second frequency range if the second 
various aspects described . frequency range is shifted by even a few MHz when the 

FIG . 6 illustrates a flow diagram of an exemplary method channel is dispersive . Some factors that cause a dispersive 
for adapting an input signal to compensate for a difference channel in ET mode include ET delay dispersion over 
between the input signal and a signal used in calibration or 55 frequency , a tracker bandwidth that is too low cutting the 
learning or a difference in transmit chain state as compared envelope bandwidth and introducing variations in delay , a 
to a transmit chain state used during calibration or learning too low VCC bandwidth in the PA module , and PA load 
in accordance with various aspects described . pulling due to the transmit filter . Load pulling may be 
FIG . 7 illustrates an example user equipment device that especially severe in ET systems because the PA operates in 

includes predistortion system in accordance with various 60 compression , causing a higher load sensitivity . Transmit 
aspects described . filters feature an input impedance ( which is equal to the PA 

impedance ) that is highly frequency dependent due to the 
DETAILED DESCRIPTION resonators being used to form the filter characteristics . 

The ET delay dispersion and PA load - pulling are the 
The present disclosure will describe predistortion systems 65 dominating effects for a dispersive channel . Both effects 

in the context of envelope tracking under the 5G New Radio occur in the center of a transmit band but get more severe at 
( NR ) standard . However , the predistortion methods , sys- the band edges with the transition from pass band to stop 
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band . At a very high transmit bandwidth ( e.g. , greater than information to be communicated . Digital predistortion cir 
400 MHz ) , APT operation is usually the preferred PA power cuitry 120 reads a predistortion function or coefficients that 
supply scheme because ET systems simply cannot support describe a predistortion function 125 stored in memory and 
such high bandwidths . In APT operation , there are at least applies the function to the digital input signal . The predis 
two dominating effects introducing memory into the trans- 5 tortion function 125 can be a polynomial representation , a 
mit chain . PA load pulling due to the transmit filter is an physical based model , a model emulating physical effects , or 
issue in APT operation , but is less pronounced than with ET any other model that is appropriate to describe the non - linear 
systems . Limited PA bias bandwidth is an issue with APT impairments of the PA . The output of the digital predistor 
meaning that the PA bias network should be designed to tion circuitry is a predistorted digital signal that is upcon 
provide a low impedance at DC up to baseband frequencies 10 verted by RF signal generation circuitry 130 into a predis 
to avoid re - modulation effects . The issues caused by limited torted RF signal that is input to the PA . 
PA bias bandwidth depend on the RF envelope and how fast The predistortion function 125 is determined by calibra 
the envelope changes . tion , optimization , or learning . Calibration , which is often 
PA load pulling effects depend on the instantaneous RF performed in the factory , is performed by inputting one or 

frequency and the impedance response of the TX filter over 15 more known calibration signals to the digital predistortion 
the modulation bandwidth . When the instantaneous modu- circuitry 120 and measuring the output of the PA . Calibra 
lation is at a first frequency the PA is loaded by a first tion / learning circuitry 150 derives the function ( e.g. , DPD 
impedance and when the instantaneous modulation is at a coefficients ) based on the output of the PA . In optimization 
second frequency the PA is loaded by a second impedance . or learning , the calibration learning circuitry 150 derives the 
The impedances may be quite different especially if the 20 function during normal operation of the transmit chain . In 
instantaneous separation between the frequencies is large , other words , in optimization or learning , the function is 
which generally is the case with a signal of high transmit derived based on the PA's response to a transmit signal that 
bandwidth . As a result the amplitude modulation - amplitude occurs in normal operation rather than a special calibration 
modulation ( AM - AM ) and the amplitude modulation - phase signal that is generated during the calibration process . For 
modulation ( AM - PM ) response at the first frequency is 25 the purposes of this description , the term “ calibration ” will 
different from the response at the second frequency . The be used to encompass both calibration as well as optimiza 
problems that arise from the support of complex modulation tion / learning . 
schemes and high transmit bandwidths may be addressed In calibration the predistortion function is derived based 
using memory predistortion . However , the implementation on a given signal ( e.g. , either the calibration signal or the 
of memory predistortion becomes more difficult as the 30 “ normal operation ” signal ) having certain characteristics 
transmit bandwidth increases . To linearize a PA the predis- and also on a certain transmit chain state . For example , the 
tortion circuitry should create an intermodulation ( IM ) spec- center frequency of the given signal will have a significant 
trum that cancels the IM spectrum of the PA at its output . impact on the predistortion function if the transmit chain is 

The present disclosure will now be described with refer- dispersive which might occur at the edge of a transmit band 
ence to the attached drawing figures , wherein like reference 35 where the filter skirt of the transmit band pass filter kicks in 
numerals are used to refer to like elements throughout , and or due to ET operation since the ET delay dispersion is 
wherein the illustrated structures and devices are not nec- dependent on the RF frequency . The ET delay dispersion is 
essarily drawn to scale . As utilized herein , terms “ compo- caused by the transmit filter impedance that changes over RF 
nent , ” “ system , ” “ interface , ” “ circuitry ” and the like are frequency and means that an optimum alignment of the RF 
intended to refer to a computer - related entity , hardware , 40 envelope and voltage envelope generated by an ET con 
software ( e.g. , in execution ) , and / or firmware . For example , verter depends on the RF frequency . In the case of a 
a circuitry can be a circuit , a processor , a process running on modulated signal the ET delay dispersion means that opti 
a processor , a controller , an object , an executable , a pro- mum delay is a function of instantaneous modulation fre 
gram , a storage device , and / or a computer with a processing quency that corresponds to an instantaneous RF frequency . 
device . In addition to center frequency , the gain state of the 
FIG . 1 illustrates an exemplary predistortion system 100 transmit chain during determination of the predistortion 

that includes ET circuitry 140 and also predistorts a digital function will also have a significant impact on the predis 
input signal to compensate for effects of ET . The ET tortion function . Any gain change after the digital predis 
operation “ introduces ” memory into the system 100 which tortion circuitry 120 is important . When the gain after the 
means that AMAM and AMPM conversion of the PA 50 digital predistortion circuitry 120 changes relative to the 
depends on the symbol sequence of the digital input signal , gain during learning then the IM spectrum generated by 
which is used to generate the RF signal . More precisely , the digital predistortion circuitry 120 no longer matches the IM 
AMAM and AMPM conversion changes as a function of spectrum generated by the PA . Due to the gain change the 
how fast the RF envelope instantaneously changes and as a input power of the PA changes which affects the PA's IM 
function of the instantaneous RF frequency . A digital pre- 55 spectrum . Since the gain change happens after the digital 
distortion circuitry 120 predistorts the digital input signal to predistortion circuitry 120 , the gain change is not compen 
compensate for the nonlinear effects that change over RF sated for by the predistortion function 125. Thus , during 
frequency or due to the modulation content . To compensate normal ( non - calibration operation ) operation if the digital 
for the memory introduced by ET , the digital predistortion input signal differs from the given signal or the transmit 
circuitry 120 predistorts the digital input signal based on 60 chain gain state differs from the gain during calibration the 
past values of the digital input signal predistortion function may not effectively compensate for 
A predistortion function 125 is formulated to compensate the effects of the ET circuitry 140 . 

for the memory effect of the ET circuitry 140 on the behavior To account for the limited applicability of a predistortion 
of the PA ( e.g. , the function may be a polynomial that is a function to signals or transmit chain states different from 
function of past and present values of the digital input 65 calibration signals / transmit chain states , some predistortion 
signal ) . The system 100 includes baseband signal generation systems store multiple predistortion functions mapped to 
circuitry 110 that generates the digital input signal encoding various parameters such as the transmit signal's center 

45 
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frequency or the transmit chain's gain . This results in more tion circuitry using the correct frequency range . In other 
time calibrating and also more memory to store the multiple words , the predistortion function that was determined based 
predistortion functions . on the calibration signal can now be used to predistort the 

Described herein are systems , methods , and circuitries adapted signal . The predistorted adapted signal is then 
that allow a predistortion function that is optimized for a first 5 shifted back by inverse adaptation circuitry 335 to its 
frequency range or transmit chain state to be reused for a original center frequency RBC4 , which will result in a 
different frequency range and / or transmit chain state . This correct RF domain signal of RBC1 . 
reduces the number of predistortion functions that need be The adaptation circuitry 315 includes a multiplier ( e.g. , 
stored and allows for a wider range of effective predistortion coordinate rotation digital computer ( CORDIC ) ) that “ cor 
without additional learning or calibration . 10 rects ” the frequency offset between the calibration center 
FIG . 2 illustrates an example of how a difference between frequency which is necessary to have correct mapping 

a center frequency of a transmit signal and the center between the RF domain and the BB domain . Inverse adap 
frequency of a calibration signal can result in an incorrect tation circuitry 335 , which is disposed after the digital 
predistortion function being applied to the transmit signal . predistortion circuitry 120 , includes a multiplier that shifts 
The upper part of FIG . 2 shows the RF domain and the lower 15 the predistorted adapted signal by the frequency offset and 
part of FIG . 2 shows the baseband ( BB ) domain assuming thus back to the correct frequency prior to upconversion to 
zero intermediate frequencies ( IF ) . The predistortion func- RF . 
tion ( e.g. , DPD coefficients ) is calibrated for the frequency FIG . 4 illustrates an exemplary predistortion system 400 
range indicated by the dotted line . As an example , the that is able to use a predistortion function 125 derived for a 
calibrated frequency range could be a long term evolution 20 first transmit chain state for a second transmit chain state . It 
( LTE ) -60 channel that covers a bandwidth of 60 MHz . The can be seen in FIG . 4 that a gain block ( e.g. , multiplier k * ) 
calibration was done using a calibration signal having a has been introduced into the transmit chain after the digital 
center frequency fcenter_cal The resource block cluster predistortion circuitry 120. The gain block may be located in 
( RBC ) 1 includes a number of resource blocks that are the BB domain or the RF domain ( e.g. , either before or after 
located inside the calibrated frequency range . The center 25 the RF signal generation circuitry 130 of FIG . 1 ) . In one 
frequency of RBC1 is fcenter_op . Note that RBC1 falls within example , the gain block is used to optimize a transmit 
the frequency range for which the predistortion function has characteristic such as the transmit noise depending on 
been calibrated and thus the predistortion function derived antenna power . In the BB domain , the gain block may be 
for the 60 MHz band will be applied . variable and used to optimize the input level range of a 
RBC3 indicates the position in the BB domain that the 30 digital to analog converter ( DAC ) in the RF domain to 

downconverted RBC1 should occupy after proper predistor- optimize the drive level of a mixer . The presence of the gain 
tion . However , because the relationship between RF domain block after the digital predistortion circuitry 120 means that 
and the BB domain is established based on the center the transmit chain may operate in several gain states and that 
frequency of the calibration signal , the digital predistortion the gain setting might change after the calibration of the 
circuitry 120 sets f center_op * This causes the 35 predistortion function 125 . 
RBC1 to appear , to the predistortion circuitry , to be located A generic way that the predistortion function 125 can be 
at the position indicated by RBC2 . Thus , the predistortion derived will now be presented . For the purposes of this 
circuitry 120 improperly predistorts the digital input signal , description , the digital input signal is denoted x ( t ) and the 
resulting in a predistorted baseband symbol located as predistorted signal ( e.g. , output of the digital predistortion 
indicated by RBC4 . 40 circuitry 120 ) is denoted as z ( t ) . The output of the PA system 

In other words , the predistortion circuitry 120 relies on a is y ( t ) = k * x ( t ) where k is the desired gain . The PA system 
correct mapping between the RF frequency domain and the exhibits some nonlinear characteristic described by the 
BB frequency domain . The mapping is established during function F ( z ) . Basically , the predistortion function H ( x ) is 
calibration and is given by the calibration signal center derived to be the inverse of F ( z ) as follows : 
frequency . If the center frequency of the transmit signal is 45 
different than the calibration signal center frequency a y ( x ) = k * x = F [ H ( x ) ] - H ( x ) = F - ' [ k * x ] = F- [ x ] 
frequency offset of is introduced in the mapping between the The gain k is absorbed into the predistortion function as 
RF domain and the BB domain . The frequency offset is indicated by F- [ x ] . 
equivalent to the difference between the center frequency of If during calibration the gain block has a first setting k * _1 , 
the calibration signal and the center frequency of the trans- 50 the predistortion function is based on the first ( or “ calibra 
mit signal . This causes performance degradation if the tion ” ) gain k * _1 . If , after calibration , the setting of the gain 
channel is highly dispersive . block is changed to a second ( or “ operation ” ) gain setting , 
FIG . 3 illustrates a predistortion system 300 that then the previously calibrated predistortion function - [ x ] 

addresses the problem of the frequency offset between the will provide an incorrect predistortion result and subsequent 
calibration signal and the transmit signal . The system 300 55 degradation of the transmit chain linearity at the antenna as 
includes offset determination circuitry 345 that determines follows : 
the frequency offset of between the “ calibration ” center 
frequency of the calibration signal and the “ operation ” 
center frequency transmit signal . The offset determination y ( x ) = k **** x = EQ 2 
circuitry 345 controls adaptation circuitry 315 and inverse 60 
adaptation circuitry 345 based on the frequency offset . The F [ k ** H ( x ) ] H ( x ) F- [ k **** , * x ] [ k ** x ] ** adaptation circuitry 315 is disposed after the baseband signal 
generation circuitry ( 110 FIG . 1 ) and shifts the digital input 
signal based on the frequency offset . Referring back to FIG . This is because the gain setting k * changes the drive level 
2 , this shifts a digital input signal RBC4 ( the erroneous 65 of the PA system . A different drive level causes a different 
position of the RBC1 in baseband ) to an adapted signal level of the intermodulation ( IM ) products , ( e.g. , 1 dB 
RBC3 . This adapted signal is predistorted by the predistor- higher drive levels increase the level of IMC production by 

center_cal equal to f 

EQ 1 

-1 
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3 dB . However , the predistortion function does not capture to set the multipliers in the adaptation circuitry 415 and 
the changed IM3 level at the PA output since the PA drive inverse adaptation circuitry 435 based on the post predis 
level change happens after the digital predistortion circuitry tortion gain k * . 
120. As a result the IM3 products generated by the digital FIG . 5 illustrates an alternative example of a predistortion 
predistortion circuitry 120 do not cancel anymore the IM3 5 system 500 that can reuse stored DPD coefficients ( e.g. , 
products generated by the PA system since the IM3 levels do predistortion function ) that were determined with a different 
not fit . gain setting . The system 500 includes a coefficient adapta To compensate for different gain states in the transmit tion circuitry 560 that rescales the coefficients based on the chain , the system 400 includes adaptation circuitry 415 and inverse adaptation circuitry 435 that allow the predistortion 10 post predistortion gain k * . A generic memory polynomial 
function derived for a first gain state to be reused for a representation of a predistortion function is : 
second gain state without further calibration or learning . 
Gain determination circuitry 445 determines the post pre Eq 8 
distortion gain k * and controls the adaptation circuitry 415 z ( n ) = p ( n ) with 
and inverse adaptation circuitry 435 based on the post 15 predistortion gain k * . The adaptation circuitry 415 includes zp ( n ) = a multiplier that multiplies the digital input signal by the post 
predistortion gain k * The inverse adaptation circuitry 435 
includes a multiplier that multiplies the predistorted adapted oxin -ki ) x ( n – ku - 1 ) x * ( n - ku ) 
signal by the reciprocal of the gain k * . A derivation of the 20 kp = 0 
system 400 , which works to reuse a predistortion function 
( e.g. , DPD coefficients ) , follows . 

Recall , from EQ 2 above , that where N is the memory depth , p is the order of the predis 
tortion function polynomial , K is the max order , and n is the 

25 discrete time index . The gain ratio between calibration and 
y ( x ) = k **** x = EQ 3 operation is described by factor a = k * . Rescaling of the 

polynomial to reflect the gain ratio results in a polynomial 
F [ k ** H ( x ) ] ? H ( x ) = F- [ k **** x ] [ k ** x ] . with gain compensation : 

K 

p = 1 

N 

?? ) . kp . Ú u = 3,5 , ... kq = 0 

30 
N p 

QP_1 the no ... kpl 
u = 3,5 , ... kp = 0 

After calibration the following relationship is valid with 
k * = 1 . Zp ( n ) = x ( n – k? ) x ( n – ku – 1 ) x * ( n – Ku ) 

F [ H ( x ) ] = x EQ 4 kq = 0 

assuming k = 1 for simplicity . As a consequence the follow- 35 
ing identity is also valid ( since linearization works for all The important change is that each DPD coefficient h ) ( e.g. , 
arguments of H ) : weight for a p order polynomial ) is scaled by a - l to ap - 1.h® ) . 

Scaling of the coefficients in this manner can be imple 
F [ H ( k ** x ) ] = k *** EQ 5 mented in executable instructions and does not require 

When the gain changes to k * by means of the gain block is 40 hardware . 
introduced , the linearization is broken since the multiplica FIG . 6 illustrates a flow diagram of an exemplary method 
tion is not captured during calibration : 600 for predistorting a digital signal in a transmit chain 

based on a predistortion function that was determined based 
F [ k ** H ( k ** x ) ] k *** EQ 6 on a first digital signal ( e.g. , calibration signal ) or a first 

However , with the adaptation circuitry 415 and the inverse 45 transmit chain . The method may be performed by the 
adaptation circuitry 435 the following relationship applies : predistortion system 300 of FIG . 3 and / or 400 of FIG . 4. The 

method includes , at 610 , inputting a second digital signal 
( e.g. , transmit signal or digital input signal ) to the transmit 
chain , wherein the transmit chain is characterized by a EQ 7 F ??? **** H ( k ** x ) 1 = F [ H ( **** ) ] = k *** 50 present transmit chain state . At 620 , the second digital signal 
is adapted by performing a first operation on the second 
digital signal to generate an adapted digital signal . The first 

It can be seen that the operations performed by the adapta- operation is based on either a relationship between the first 
tion circuitry 415 and the inverse adaptation circuitry 435 digital signal and the second digital signal , or a relationship 
remove the drive level change due to k * . As a result , the 55 between the first transmit chain state and the present trans 
digital predistortion circuitry 120 can use the predistortion mit chain state . At 630 , the method includes predistorting the 
function derived for the original gain state . The multiplica- adapted digital signal based on the predistortion function to 
tion by the adaptation circuitry 415 sets the correct gain generate a predistorted adapted signal . At 640 , a second 
level . If the total gain is unchanged then the k * = 1 for the first operation is then performed on the predistorted adapted 
multiplier . This may happen if the adaptation of the dynamic 60 signal . The second operation corresponds to an inverse of 
range of a mixer device or digital to analog converter ( DAC ) the first operation . 
causes an unwanted gain change k * . It can be seen from the foregoing description that adapting 

In one example , the gain determination circuitry 445 is a transmit signal to compensate for differences in the trans 
implemented in executable instructions that cause the moni- mit signal and a calibration signal or the transmit chain state 
toring of a register in which the post predistortion gain k * is 65 and a calibration transmit chain state prior to predistortion 
stored . In one example , the gain determination circuitry 445 and performing an inverse adaptation of the transmit signal 
is implemented in hardware that uses dedicated control lines after predistortion allows a predistortion function deter 
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mined during calibration to be used with signals that are like ) that can be calibrated via core voltage , a coarse tuning 
different from the calibration signal or in different transmit value , signal , word or selection process as described herein . 
chain states as compared to a calibration transmit chain state . The processor 702 can operate to enable the mobile 
Further , the predistortion function may be modified or scaled communication device 700 to process data ( e.g. , symbols , 
without recalibration based on a post predistortion gain that 5 bits , or chips ) for multiplexing / demultiplexing with the 
is different from a post predistortion gain during calibration . mux / demux component 712 , or modulation / demodulation 

To provide further context for various aspects of the via the mod / demod component 714 , such as implementing 
disclosed subject matter , FIG . 7 illustrates a block diagram direct and inverse fast Fourier transforms , selection of 
of an embodiment of user equipment 700 ( e.g. , a mobile modulation rates , selection of data packet formats , inter 
device , communication device , personal digital assistant , 10 packet times , etc. Memory 703 can store data structures 
etc. ) related to access of a network ( e.g. , base station , ( e.g. , metadata ) , code structure ( s ) ( e.g. , modules , objects , 
wireless access point , femtocell access point , and so forth ) classes , procedures , or the like ) or instructions , network or 
that can enable and / or exploit features or aspects of the device information such as policies and specifications , 
disclosed aspects . attachment protocols , code sequences for scrambling , 

The user equipment or mobile communication device 700 15 spreading and pilot ( e.g. , reference signal ( s ) ) transmission , 
can be utilized with one or more aspects of the predistortion frequency offsets , cell IDs , and other data for detecting and 
systems described herein according to various aspects . The identifying various characteristics related to RF input sig 
user equipment device 700 , for example , comprises a digital nals , a power output or other signal components during 
baseband processor 702 that can be coupled to a data store power generation . Memory 703 may include a static random 
or memory 703 , a front end 704 ( e.g. , an RF front end , an 20 access memory ( SRAM ) or dynamic RAM that stores a 
acoustic front end , or the other like front end ) and a plurality predistortion function 125 of FIGS . 1 and 3-5 . 
of antenna ports 707 for connecting to a plurality of antennas Use of the word exemplary is intended to present concepts 
7061 to 706k ( k being a positive integer ) . The antennas 7061 in a concrete fashion . As used in this application , the term 
to 706k can receive and transmit signals to and from one or “ or ” is intended to mean an inclusive “ or ” rather than an 
more wireless devices such as access points , access termi- 25 exclusive “ or ” . That is , unless specified otherwise , or clear 
nals , wireless ports , routers and so forth , which can operate from context , “ X employs A or B ” is intended to mean any 
within a radio access network or other communication of the natural inclusive permutations . That is , if X employs 
network generated via a network device ( not shown ) . A ; X employs B ; or X employs both A and B , then “ X 

The user equipment 700 can be a radio frequency ( RF ) employs A or B ” is satisfied under any of the foregoing 
device for communicating RF signals , an acoustic device for 30 instances . In addition , the articles “ a ” and “ an ” as used in 
communicating acoustic signals , or any other signal com- this application and the appended claims should generally be 
munication device , such as a computer , a personal digital construed to mean " one or more ” unless specified otherwise 
assistant , a mobile phone or smart phone , a tablet or clear from co to be directed to a singular form . 
modem , a notebook , a router , a switch , a repeater , a PC , Furthermore , to the extent that the terms “ including ” , 
network device , base station or a like device that can operate 35 “ includes ” , “ having ” , “ has ” , “ with ” , or variants thereof are 
to communicate with a network or other device according to used in either the detailed description and the claims , such 
one or more different communication protocols or standards . terms are intended to be inclusive in a manner similar to the 

The front end 704 can include a communication platform , term “ comprising ” . 
which comprises electronic components and associated cir- Examples herein can include subject matter such as a 
cuitry that provide for processing , manipulation or shaping 40 method , means for performing acts or blocks of the method , 
of the received or transmitted signals via one or more at least one machine - readable medium including executable 
receivers or transmitters ( e.g. transceivers ) 708 , a mux / instructions that , when performed by a machine ( e.g. , a 
demux component 712 , and a mod / demod component 714 . processor with memory or the like ) cause the machine to 
The front end 704 is coupled to the digital baseband pro- perform acts of the method or of an apparatus or system for 
cessor 702 and the set of antenna ports 707 , in which the set 45 concurrent communication using multiple communication 
of antennas 7061 to 706k can be part of the front end . In one technologies according to embodiments and examples 
aspect , the user equipment device 700 can comprise a phase described . 
locked loop system 710 . Example 1 is a method to predistort a digital signal in a 
The processor 702 can confer functionality , at least in transmit chain based on a predistortion function , wherein the 

part , to substantially any electronic component within the 50 predistortion function is determined based on a first digital 
mobile communication device 700 , in accordance with signal or a first transmit chain state . The method includes : 
aspects of the disclosure . As an example , the processor 700 receiving a second digital signal that is input to the transmit 
can be configured to execute , at least in part , executable chain , wherein the transmit chain is characterized by a 
instructions that adapt , predistort , and inverse adapt a digital present transmit chain state ; performing a first operation on 
signal as described herein . Thus the processor 700 may 55 the second digital signal to generate an adapted digital 
embody various aspects of the adaptation circuitry 315,415 signal , wherein the first operation is based on either a 
and / or inverse adaptation circuitry 335 , 435 of FIGS . 3 and relationship between the first digital signal and the second 
4 , respectively , and / or the coefficient adaptation circuitry digital signal , or a relationship between the first transmit 
560 of FIG . 5 . chain state and the present transmit chain state ; predistorting 

The processor 702 is functionally and / or communica- 60 the adapted digital signal based on the predistortion function 
tively coupled ( e.g. , through a memory bus ) to memory 703 to generate a predistorted adapted signal ; and performing a 
in order to store or retrieve information necessary to operate second operation on the predistorted adapted signal , wherein 
and confer functionality , at least in part , to communication the second operation corresponds to an inverse of the first 
platform or front end 704 , the phase locked loop system 710 operation . 
and substantially any other operational aspects of the phase 65 Example 2 includes the subject matter of example 1 , 
locked loop system 710. The phase locked loop system 710 including or omitting optional elements , wherein the first 
includes at least one oscillator ( e.g. , a VCO , DCO or the digital signal is characterized by a calibration center fre 
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quency and the second digital signal is characterized by an predistorted adapted signal , wherein the second operation 
operation center frequency . The method further includes corresponds to an inverse of the first operation . 
determining an offset between the calibration center fre- Example 10 includes the subject matter of example 9 , 
quency of the first digital signal and the operation center including or omitting optional elements , wherein the first 
frequency of the second digital signal . Performing the first 5 digital signal is characterized by a calibration center fre 
operation includes shifting a center frequency of the second quency and the second digital signal is characterized by an 
digital signal by the offset . Performing the second operation operation center frequency . The system further includes 
includes reverting the shifting of the center frequency of the offset determination circuitry configured to determine an 
predistorted adapted signal by the offset . offset between the calibration center frequency and the 

Example 3 includes the subject matter of example 2 , 10 operation center frequency . The adaptation circuitry is con figured to shift the center frequency of the second digital including or omitting optional elements , wherein the cali signal by the offset . The inverse adaptation circuitry is bration center frequency is mapped to a second operation configured to revert the shifting of the center frequency of center frequency in the predistortion function in a baseband the predistorted adapted signal by the offset . frequency domain . Example 11 includes the subject matter of example 10 , Example 4 includes the subject matter of example 2 , including or omitting optional elements , wherein the cali including or omitting optional elements , wherein the center bration center frequency is mapped to a second operation frequency is shifted by a CORDIC . center frequency in the predistortion function in a baseband 
Example 5 includes the subject matter of examples 1-4 , frequency domain . 

including or omitting optional elements , wherein the first 20 Example 12 includes the subject matter of example 9 , 
transmit chain state is characterized by a calibration gain and including or omitting optional elements , wherein the adap 
the present transmit chain state is characterized by an tation circuitry includes a CORDIC . 
operation gain . The method further includes determining Example 13 includes the subject matter of examples 9-12 , 
that the calibration gain is different from the operation gain . including or omitting optional elements , wherein the first 
The first operation includes scaling the second digital signal 25 transmit chain state is characterized by a calibration gain and 
by the operation gain and the second operation includes the present transmit chain state is characterized by an 
scaling the predistorted adapted signal by a reciprocal of the operation gain . The system includes gain determination 
operation gain . circuitry configured to determine that the calibration gain is 

Example 6 includes the subject matter of examples 1-4 , different from the operation gain . The adaptation circuitry is 
including or omitting optional elements , wherein the first 30 configured to scale the second digital signal by the operation 
transmit chain state is characterized by a calibration gain and gain . The inverse adaptation circuitry is configured to scale 
the present transmit chain state is characterized by an the predistorted adapted signal by a reciprocal of the opera 
operation gain . The method further includes : determining tion gain . 
that the calibration gain is different from the operation gain ; Example 14 includes the subject matter of examples 9-12 , 
scaling the predistortion function based on a ratio between 35 including or omitting optional elements , wherein the first 
the calibration gain and the operation gain ; and predistorting transmit chain state is characterized by a calibration gain and 
the adapted signal based on the scaled predistortion func- the present transmit chain state is characterized by an 
tion . operation gain . The system includes coefficient adaptation 

Example 7 includes the subject matter of examples 1-4 , circuitry configured to : determine that the calibration gain is 
including or omitting optional elements , wherein the pre- 40 different from the operation gain ; and scale the predistortion 
distortion function includes summation of weighted past function based on a ratio between the calibration gain and 
values of the second digital signal and a weighted present the operation gain . The digital predistortion circuitry is 
value of the second digital signal , wherein the weights of the configured to predistort the adapted signal based on the 
past values and the present values are determined based on scaled predistortion function . 
predetermined coefficients . Example 15 includes the subject matter of examples 9-12 , 

Example 8 includes the subject matter of examples 1-4 , including or omitting optional elements , wherein the pre 
including or omitting optional elements , wherein the first distortion function includes summation of weighted past 
signal includes a calibration signal generated during a learn- values of the second digital signal and a weighted present 
ing phase of the transmit chain . value of the second digital signal , wherein the weights of the 

Example 9 is a system configured to predistort a digital 50 past values and the present values are determined based on 
signal in a transmit chain including memory , adaptation predetermined coefficients . 
circuitry , predistortion circuitry , and inverse adaptation cir- Example 16 includes the subject matter of examples 9-12 , 
cuitry . The memory is configured to store a predistortion including or omitting optional elements , wherein the first 
function that is determined based on a first digital signal or signal includes a calibration signal generated during a learn 
a first transmit chain state . The adaptation circuitry is 55 ing phase of the transmit chain . 
configured to receive a second digital signal that is input to Example 17 is a system configured to predistort a digital 
the transmit chain , wherein the transmit chain is character- signal in a transmit chain that includes memory , coefficient 
ized by a present transmit chain state ; and perform a first adaptation circuitry , and digital predistortion circuitry . The 
operation on the second digital signal to generate an adapted memory is configured to store a predistortion function that 
digital signal , wherein the first operation is based on either 60 is determined based on a calibration gain of the transmit 
a relationship between the first digital signal and the second chain during calibration . The coefficient adaptation circuitry 
digital signal , or a relationship between the first transmit is configured to : receive a second digital signal that is input 
chain state and the present transmit chain state . The predis- to the transmit chain , wherein the transmit chain is charac 
tortion circuitry is configured to predistort the adapted terized by an operation gain ; determine that the calibration 
digital signal based on the predistortion function to generate 65 gain is different from the operation gain ; and scale the 
a predistorted adapted signal . The inverse adaptation cir- predistortion function based on the calibration gain and the 
cuitry is configured to perform a second operation on the operation gain . The digital predistortion circuitry is config 
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ured to predistort the second digital signal based on the operation includes scaling the predistorted adapted signal by 
scaled predistortion function to generate a predistorted sig- a reciprocal of the operation gain . 
nal . Example 24 includes the subject matter of examples 

Example 18 includes the subject matter of example 17 , 21-22 , including or omitting optional elements , wherein the 
including or omitting optional elements , wherein the pre- 5 first transmit chain state is characterized by a calibration 
distortion function includes summation of weighted past gain and the present transmit chain state is characterized by 
values of the second digital signal and a weighted present an operation gain . The apparatus further includes means for 
value of the second digital signal , wherein the weights of the determining that the calibration gain is different from the 
past values and the present values are determined based on operation gain ; means for scaling the predistortion function 
predetermined coefficients . 10 based on a ratio between the calibration gain and the 

Example 19 includes the subject matter of example 18 , operation gain ; and means for predistorting the adapted 
including or omitting optional elements , wherein the coef- signal based on the scaled predistortion function . 
ficient adaptation circuitry is configured to scale the predis- It is to be understood that aspects described herein may be 
tortion function based on a ratio between the calibration gain implemented by hardware , software , firmware , or any com 
and the operation gain . 15 bination thereof . When implemented in software , functions 

Example 20 includes the subject matter of examples 1719 , may be stored on or transmitted over as one or more 
including or omitting optional elements , wherein the pre- instructions or code on a computer - readable medium . Com 
distortion function is determined based on a calibration puter - readable media includes both computer storage media 
signal having a calibration center frequency ; the second and communication media including any medium that facili 
digital signal is characterized by an operation center fre- 20 tates transfer of a computer program from one place to 
quency ; and the system further includes : offset determina- another . A storage media may be any available media that 
tion circuitry configured to determine an offset between the can be accessed by a general purpose or special purpose 
calibration center frequency and the operation center fre- computer . 
quency ; adaptation circuitry configured to shift the center Various illustrative logics , logical blocks , modules , and 
frequency of the second digital signal by the offset to 25 circuits described in connection with aspects disclosed 
generate an adapted second digital signal ; and inverse adap- herein may be implemented or performed with a general 
tation circuitry configured to revert the shifting of the center purpose processor , a digital signal processor ( DSP ) , an 
frequency of the predistorted adapted second signal by the application specific integrated circuit ( ASIC ) , a field pro 
offset . grammable gate array ( FPGA ) or other programmable logic 

Example 21 is an apparatus configured to predistort a 30 device , discrete gate or transistor logic , discrete hardware 
digital signal in a transmit chain based on a predistortion components , or any combination thereof designed to per 
function determined based on a first digital signal or a first form functions described herein . A general - purpose proces 
transmit chain state . The apparatus includes : means for sor may be a microprocessor , but , in the alternative , pro 
receiving a second digital signal that is input to the transmit cessor may be any conventional processor , controller , 
chain , wherein the transmit chain is characterized by a 35 microcontroller , or state machine . A processor may also be 
present transmit chain state ; means for adapting the second implemented as a combination of computing devices , for 
digital signal by performing a first operation on the second example , a combination of a DSP and a microprocessor , a 
digital signal to generate an adapted digital signal , wherein plurality of microprocessors , one or more microprocessors 
the first operation is based on either a relationship between in conjunction with a DSP core , or any other such configu 
the first digital signal and the second digital signal , or a 40 ration . Additionally , at least one processor may include one 
relationship between the first transmit chain state and the or more modules operable to perform one or more of the acts 
present transmit chain state ; means for predistorting the and / or actions described herein . 
adapted digital signal based on the predistortion function to For a software implementation , techniques described 
generate a predistorted adapted signal ; and means for per- herein may be implemented with modules ( e.g. , procedures , 
forming a second operation on the predistorted adapted 45 functions , and so on ) that perform functions described 
signal , wherein the second operation corresponds to an herein . Software codes may be stored in memory units and 
inverse of the first operation . executed by processors . Memory unit may be implemented 

Example 22 includes the subject matter of example 21 , within processor or external to processor , in which case 
including or omitting optional elements , wherein the first memory unit can be communicatively coupled to processor 
digital signal is characterized by a calibration center fre- 50 through various means as is known in the art . Further , at 
quency and the second digital signal is characterized by an least one processor may include one or more modules 
operation center frequency . The apparatus further includes operable to perform functions described herein . 
means for determining an offset between the calibration Further , the acts and / or actions of a method or algorithm 
center frequency and an operation center frequency of the described in connection with aspects disclosed herein may 
second digital signal ; and the first operation includes shifting 55 be embodied directly in hardware , in a software module 
the center frequency of the second digital signal by the executed by a processor , or a combination thereof . A soft 
offset ; and the second operation includes reverting the ware module may reside in RAM memory , flash memory , 
shifting of the center frequency of the predistorted adapted ROM memory , EPROM memory , EEPROM memory , reg 
signal by the offset . isters , a hard disk , a removable disk , a CD - ROM , or any 

Example 23 includes the subject matter of examples 60 other form of storage medium known in the art . An exem 
21-22 , including or omitting optional elements , wherein the plary storage medium may be coupled to processor , such that 
first transmit chain state is characterized by a calibration processor can read information from , and write information 
gain and the present transmit chain state is characterized by to , storage medium . In the alternative , storage medium may 
an operation gain . The apparatus further includes means for be integral to processor . Further , in some aspects , processor 
determining that the calibration gain is different from the 65 and storage medium may reside in an ASIC . Additionally , 
operation gain . The first operation includes scaling the ASIC may reside in a user terminal . In the alternative , 
second digital signal by the operation gain . The second processor and storage medium may reside as discrete com 
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ponents in a user terminal . Additionally , in some aspects , the 6. The system of claim 4 , wherein the gain determination 
acts and / or actions of a method or algorithm may reside as circuitry is configured to determine the operation gain based 
one or any combination or set of codes and / or instructions on on a gain setting for a gain block of the transmit chain . 
a machine - readable medium and / or computer readable 7. The system of claim 1 , wherein the calibration center 
medium , which may be incorporated into a computer pro- 5 frequency corresponds to a frequency of a calibration signal 
gram product . generated during a learning phase of the transmit chain . 

In this regard , while the disclosed subject matter has been 8. A system configured to predistort a digital signal in a 
described in connection with various embodiments and transmit chain , wherein the system comprises : corresponding Figures , where applicable , it is to be under 
stood that other similar embodiments can be used or modi- 10 a memory configured to store a predistortion function that 

is determined based on a calibration signal ; fications and additions can be made to the described embodi 
ments for performing the same , similar , alternative , or gain determination circuitry configured to determine an 
substitute function of the disclosed subject matter without operation gain of the transmit chain ; 
deviating therefrom . Therefore , the disclosed subject matter adaptation circuitry configured to : 
should not be limited to any single embodiment described 15 receive a digital signal that is input to the transmit 
herein , but rather should be construed in breadth and scope chain ; and 
in accordance with the appended claims below . scale the digital signal by the operation gain to generate 

an adapted signal ; 
What is claimed is : digital predistortion circuitry configured to predistort the 
1. A system configured to predistort a digital signal in a 20 adapted signal based on the predistortion function to 

transmit chain based on a predistortion function , the system generate a predistorted adapted signal ; and 
comprising : inverse adaptation circuitry configured to scale the pre 

a memory configured to store a predistortion function that distorted adapted signal by a reciprocal of the operation 
is determined based on a calibration signal having a gain . 
calibration center frequency ; 9. The system of claim 8 , further comprising : 

offset determination circuitry configured to : offset determination circuitry configured to determine an 
receive a digital signal that is input to the transmit offset between a calibration center frequency of the 

chain , wherein the digital signal is characterized by calibration signal and an operation center frequency of 
an operation center frequency ; and the digital signal ; 

determine an offset between the operation center fre- 30 the adaptation circuitry is configured to shift the operation 
quency and the calibration center frequency ; center frequency of the digital signal by the offset to 

adaptation circuitry configured to shift a center frequency generate the adapted signal ; and 
of the digital signal by the offset generate an adapted the inverse adaptation circuitry is configured to revert the 
signal ; and shifting of the center frequency of the predistorted 

digital predistortion circuitry configured to predistort the 35 adapted signal by the offset . 
adapted signal based on the predistortion function to 10. The system of claim 9 , wherein the calibration center 
generate a predistorted adapted signal ; and frequency is mapped to a second operation center frequency 

inverse adaptation circuitry configured to revert the shift- in the predistortion function in a baseband frequency 
ing of the center frequency of the predistorted adapted domain . 
signal by the offset . 11. The system of claim 9 , wherein the adaptation cir 

2. The system of claim 1 , wherein the calibration center cuitry comprises a CORD IC . 
frequency is mapped to a second operation center frequency 12. The system of claim 8 , further comprising coefficient 
in the predistortion function in a baseband frequency adaptation circuitry configured to : 
domain . determine that a calibration gain of the calibration signal 

3. The system of claim 1 , wherein the center frequency is 45 is different from the operation gain , and 
shifted by a coordinate rotation digital computer ( CORDIC ) . scale the predistortion function based on a ratio between 

4. The system of claim 1 , further comprising : the calibration gain and the operation gain , and 
gain determination circuitry configured to determine an wherein the digital predistortion circuitry is configured to 

operation gain of the transmit chain , predistort the adapted signal based on the scaled pre 
wherein the adaptation circuitry is configured to , when the 50 distortion function . 

operation gain is different from a calibration gain , scale 13. The system of claim 8 , wherein the gain determination 
the digital signal by the operation gain to generate the circuitry is configured to determine the operation gain based 
adapted signal ; and on a gain setting for a gain block of the transmit chain . 

wherein the inverse adaptation circuitry is configured to , 14. The system of claim 8 , wherein the calibration signal 
when the operation gain is different from the calibration 55 is generated during a learning phase of the transmit chain to 
gain , scale the predistorted adapted signal by a recip- determine the predistortion function . 
rocal of the operation gain . 15. A system configured to predistort a digital signal in a 

5. The system of claim 1 , further comprising : transmit chain , wherein the system comprises : 
gain determination circuitry configured to determine an a memory configured to store a predistortion function that 

operation gain for the transmit chain ; and is determined based on a calibration gain of the trans 
wherein the adaptation circuitry is configured to , when the mit chain during calibration ; 

operation gain is different from a calibration gain , scale coefficient adaptation circuitry configured to : 
the predistortion function based on a ratio between the receive a digital signal that is input to the transmit 
calibration gain and the operation gain ; and chain ; 

wherein the digital predistortion circuitry is configured to 65 determine an operation gain of the transmit chain ; 
predistort the adapted signal based on the scaled pre determine that the calibration gain is different from the 
distortion function . operation gain ; and 
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scale the predistortion function based on the calibration 
gain and the operation gain ; and 

digital predistortion circuitry configured to predistort the 
second digital signal based on the scaled predistortion 
function to generate a predistorted signal . 

16. The system of claim 15 , wherein the coefficient 
adaptation circuitry is configured to determine the operation 
gain based on a gain setting for a gain block of the transmit 
chain . 

17. The system of claim 15 , wherein the coefficient 10 
adaptation circuitry is configured to scale coefficients of the 
predistortion function based on a ratio between the calibra 
tion gain and the operation gain . 

18. The system of claim 15 , wherein : 
the predistortion function is determined based on a cali- 15 

bration signal having a calibration center frequency ; 
the digital signal is characterized by an operation center 

frequency : 
the system further comprises : 

offset determination circuitry configured to determine 20 
an offset between the calibration center frequency 
and the operation center frequency ; 

adaptation circuitry configured to shift a center fre 
quency of the digital signal by the offset to generate 
an adapted signal ; and 

inverse adaptation circuitry configured to revert the 
shifting of the center frequency of the predistorted 
signal by the offset . 

25 


